We experimentally demonstrate a new compact surrounding refractive-index sensor using a MMF-CSF-MMF (MCM) structure. The evanescent waves in the coreless silica fibre (CSF) region can directly interact with the surrounding medium. Due to its distinctive resonant spectral feature, the MCM sensor showed a high sensitivity of 4.37 × 10 −4 for a refractive index range of 1.30 to 1.44, suggesting that the proposed device may be suitable for a wide range of biomedical and chemical sensor applications.
Introduction
Varieties of fibre-optic sensors (FOS) have been proposed for smart structures to cope with the ever increasing varieties of physical and bio-chemical measurands [1] .
In the field of the measurement of surrounding refractive index (SRI), many efforts have been devoted and promising results have also been achieved with long period fibre gratings [2] , side-polished fibres [3] , D-shaped fibres [4] , tapered fibre tips [5] and surface plasmon resonance techniques [6] . These SRI sensors are being used in chemical detection applications, where pH, acidity, liquid concentration, liquid level and gas leakage are being measured. Similar techniques are being rapidly adopted in biomedical applications to quantify bacteria activity and facilitate in vivo measurements [7] . These prior configurations, however, involve delicate fabrication processes such as UV-induced modulation, etching, mechanical polishing and metal coating. Moreover, the requirements on the thickness and flatness of optical surface over optical fibre are very demanding for mass production. Therefore it is important to find an alternative SRI structure with a compact and robust fibre-optic structure with minimal processing requirements.
In this paper, we propose a novel structure using a coreless silica fibre (CSF) segment spliced between standard step index multimode-fibres (MMFs), which is designated as MMF-CSF-MMF, MCM structure throughout the text. The basis for this paper lies in the concept of re-imaging in the multimode interference effects associated with multimode waveguides as widely used in planar waveguides [8] . In such cases, the transmitted power becomes highly sensitive to the spectral position and the optical path length of the multimode fibre used and surrounding refractive index. The proposed device has two distinctive features: (a) a broadband sensing spectral region over 400 nm, which is applicable for intensity measurement; and (b) high sensitivity in the 1.3-1.44 refractive index region, which is very crucial for biomedical and chemical sensor applications. Furthermore, we report that the device has higher thermal stability, which can solve the temperature cross-sensitivity problem [9] in prior grating based sensors. This novel technique has obvious advantages of robust, compact design and mass manufacturing compared with previous sensors. We propose and experimentally demonstrate the use of a MCM sensor as a new sensing element for chemical and biomedical applications for the first time. 
Fabrication of a MCM structure
The proposed SRI sensor using a MCM structure is schematically illustrated in figure 1 . The device consists of a coreless silica fibre (CSF) segment spliced between two standard multimode fibres. The CSF was fabricated by drawing the silica rod down to the appropriate dimensions in a standard optical draw tower. In figure 1 , the CSF with an outer diameter of 125 µm and a length of 3-5 cm was used to form the cavity. We used a micro-translation stage that provided the desired cleave position of the CSF. The MMF was fusion spliced to the CSF with an appropriate arc duration. The core diameter of MMF was 50 µm, the refractive index difference was = 1.0%. The advantage of this fibre is the ease of coupling to a source or connecting to another fibre because of the large core diameter and large NA value in MMF. Note that the core modes from MMF1 are coupled to the cladding modes of CSF at the end of MMF1 and the cladding modes are recoupled to the core modes of MMF2. The effective indices of the cladding modes, however, are determined by the difference in the refractive index of silica and that of the surrounding medium, n 2 and n 3 . This difference induces changes in the coupling conditions between the core and cladding modes, which further brings about a shift of the resonance wavelength and a change of the peak strength. These characteristics can be utilized for sensing the surrounding medium.
We have experimentally measured the output power from the lead fibre as a function of wavelength for different lengths of CSF (L = 3-5 cm) when the external medium is air (n 3 = 1), as depicted in figure 2(a). In the case of a multimode fibre with a large number of core modes and cladding modes, the core-cladding power coupling occurs at all wavelengths and the wavelength dependence is not resolved. However, we can find observable spectral interference fringes in three spectral regions and periodic variation of the output power with wavelength having high rejection peaks, as shown in figure 2(b). These distinctive spectral characteristics are mainly due to the modal interference and the out-of-phase component results in an interference effect which can be observed as an oscillation in the insertion loss of the stub when it is measured as a function of the wavelength [10] . The resonant wavelength was suppressed more than 25 dB (99.7%) and the full-with at half-maximum showed 20 and 50 nm at 916.6 and 1602.6 nm, respectively. The overall loss of the structure is in the range of 5 dB when standard fibres and standard splicing procedure are used. To investigate the nature of the rejection peak, we measure the near field pattern at the end of the coreless silica fibre, as indicated in figure 3 . The near-field pattern was imaged with a 60× microscopic lens and that the dip observed in the transmission spectra is due to the re-imaging based on the multimode interference effect [8] .
Note that most of the beam intensity is located in the outer side of the coreless silica fibre, which enhances the power fraction of evanescent waves in the cladding to make the proposed MCM structure highly sensitive to surrounding refractive index. Figure 4 depicts the transmission characteristics of the device for various surrounding refractive indices (supplied by Cargille Laboratories Inc.; Certified Series AA) which have a quoted accuracy of ±0.0002. Note that this experiment was performed at constant room temperature. The SRI varied in the range from 1.3 to 1.7 and applied in turn over the CSF sensing region. A careful clean and dry process that incorporates washing of the device in methanol and de-ionized water followed each measurement to remove the residual oils.
Transmission characteristics with various SRI
In these measurements, we find two distinctive characteristics. The first is broadband sensing characteristics, denoted as region I. These broad spectra, obtained in the region I, brought us a beneficial aspect which enables us to utilize an intensity measurement configuration by a single light source such as a LED. Especially, the relative transmitted power versus various SRI values at 980 nm are shown in figure 5 . As the external index was changed from n 3 = 1 to 1.45, there was a small change in the extinction ratios of the modes, less than a few dB. Between n 3 = 1.45 and n 3 = 1.46, however, an abrupt change in the spectral characteristics was observed. At this point the cladding modes would be expected to no longer be discrete guided modes. For n 3 > 1.46, the device recovers power coupling strength with increasing SRI values. These can be explained by the 'leaky' waveguide modes which exist in guides. As the outside index increases, this leaky mode is better confined, increasing the overlap and increasing the power coupling strength [11] . As expected, the refractive index of the cladding layer working as a sensing surface was 1.457. The second salient feature of the proposed device is its high sensitivity to refractive index region from 1.3 to 1.44, where biological applications are being emphasized. Especially, an experiment to measure the re-imaging resonance wavelength for the refractive index range from 1.3 to 1.44 was carried out by using a white light source (ANDO AQ4303B) and optical spectrum analyser (ANDO AQ6315B). The sensor response exhibited a characteristic spectrum which has a minimum in a specific wavelength for a given refractive index. As the external refractive index was changed from 1.3 to 1.44, the principal effect was a red-shift of the centre wavelengths of the bands, as shown in figures 6(a) and (b). The device was found to be highly sensitive, with a shift of 32 nm. Hence, an average sensitivity of 4.37 × 10 −4 for the 1.3-1.44 index range is obtained with a spectral resolution of 0.1 nm and level accuracy of 0.3 dB, which is a significant improvement over LPG sensors [2, 15] . Note that, by introducing the distinctive ring-shaped beam intensity in MCM structure, we can enhance the energy of the evanescent waves. It is observed that the large changes in the centre of the wavelength with external refractive index make the MCM structure a particularly sensitive index monitor in the 1.3 < n 3 < 1.44 region. This refractive index region is very crucial for biomedical and chemical sensor applications. The proposed SRI sensor, as previously discussed, can be used for chemical measurement applications and biomedical applications for water based bio-chemical substances. Moreover, we expect that the optimization of sensing element fibre (MMF, CSF dimension), tapering or a thin overlay of high refractive index scheme [12, 13] may also be used to improve the sensitivity of this sensor.
Another important feature of the proposed MCM sensor is the insensitivity to the temperature. We characterized the thermal response of the MCM sensor by heating from 25 to 300
• C and found it shifted less than 3 nm, as indicated in figure 7 . Compared with the temperature sensitivity of LPGs in SMF-28 (60 pm
• C -1 ) [14] , the proposed sensor is stable at high temperature (9.6 pm • C -1 ) by more than sixfold. This is because the thermo-optic coefficient of pure silica is much less than that of germanosilicate-core fibre. Generally, LPGs are inherently sensitive to the temperature, resulting in temperature cross-sensitivity problems when they are used for in situ refractive-index sensing. However, the proposed MCM sensor is selectively sensitive to SRI, which makes the device superior to prior LPG sensors which are inherently sensitive to both the temperature and the SRI.
Note that the immersion liquid with standardized refractive index at a wavelength of 589.3 nm has a low dispersion value which is still higher than that of the optical glass. It seems that the device shows some dispersive nature along the wavelength similar to other fibre-based SRI sensors. Accordingly, the specific refractive index at a specific wavelength for highly-dispersive media applications should be mentioned.
Conclusion
A new optical fibre sensing structure was demonstrated for surrounding-refractive index detection based on the multimode interference effect. The sensor compactly consisted of a coreless silica fibre spliced between standard multimode fibres. This device exhibits state-of-the-art performance, high sensitivity (4.37 × 10 −4 ) with a surrounding refractive index of 1.3-1.44 and a broadband spectral sensing region (over 400 nm) as needed for intensity measurement configuration and insensitivity to the temperature. Changes in the spectrum over a wavelength range from 400 to 1700 nm and 1 < n < 1.7 index range are also presented. Furthermore, the sensors are compatible with inexpensive multimode fibre components so that a low-cost sensing system can potentially be developed. The novel characteristics of high sensitivity of SRI and simple structure will make it possible to adjust practical SRI sensor applications. We expect that the proposed MCM structure will have an ample potential in biomedical and chemical sensor applications.
